Abstract Epidermal growth factor receptor (EGFR) and HER2 are major prognosis biomarkers and drug targets overexpressed in various types of cancer cells. There is a pressing need to develop MRI contrast agents capable of enhancing the contrast between normal tissues and tumors with high relaxivity, capable of targeting tumors, and with high intratumoral distribution and minimal toxicity. In this review, we first discuss EGFR signaling and its role in tumor progression as a major drug target. We then report our progress in the development of protein contrast agents with significant improvement of both r 1 and r 2 relaxivities, pharmacokinetics, in vivo retention time, and in vivo dose efficiency. Finally, we report our effort in the development of EGFR-targeted protein contrast agents with the capability to cross the endothelial boundary and with good tissue distribution across the entire tumor mass. The noninvasive capability of MRI to visualize spatially and temporally the intratumoral distribution as well as quantify the levels of EGFR and HER2 would greatly improve our ability to track changes of the biomarkers during tumor progression, monitor treatment efficacy, aid in patient selection, and further develop novel targeted therapies for clinical application.
Introduction
Epidermal growth factor receptor (EGFR) and HER2 are major prognosis biomarkers overexpressed in various types of cancer cells. In numerous clinical studies, EGFR-and HER2-positive tumors are associated with a shorter, disease-free postclinical period and shorter overall survival for breast and ovarian cancer patients [1] . Both EGFR and HER2 are prognostic factors for multiple tumor types, including non-small-cell lung carcinoma and pancreatic cancer. Co-expression of EGFR and HER2 is found in 10-36 % of primary human breast carcinomas, and is generally associated with a poor prognosis compared with expression of a single receptor. Molecular imaging provides us with direct measurement of temporal and spatial biomarkers during disease progression and treatment, in addition to improved sensitivity and specificity [2] [3] [4] . Therefore, monitoring the spatial and temporal changes of several molecular biomarkers such as EGFR and HER2 sharing the same signaling pathway during cancer progression and treatment is the key for understanding the molecular basis of cancers. In addition, achieving noninvasive molecular imaging of EGFRs will have a broad impact on early and accurate diagnosis and the development of effective drugs with synergistic effects to treat these deadly diseases.
Magnetic resonance imaging (MRI) is one of the most powerful imaging techniques owing to its significant advantages of noninvasiveness and no tissue depth limitations [5] . MRI measures the water relaxation properties and interactions in an external magnetic field with high resolution [6] . Owing to its high resolution and sensitivity to soft tissues and especially the development of MRI contrast agents, clinical MRI has been applied as a major diagnostic and prognostic modality for various types of human diseases, including diseases of the brain, heart, liver, kidney, breast, ovary, and prostate [6] [7] [8] [9] [10] [11] [12] [13] .
MRI contrast agents are used to shorten the relaxation time (T1 and T2) of the protons in the tissue area on the basis of the mechanisms, and they can be divided into T1-weighted and T2-weighted contrast agents [14] . The most widely used T1-weighted contrast agents are based on gadolinium (Gd 3? ), since Gd 3? is a lanthanide metal ion with seven unpaired electrons, a large magnetic moment, and a long electron spin relaxation time [15] . Iron oxide based contrast agents are usually T2-weighted contrast agents [16] . Since free Gd 3? is highly toxic, with a median lethal dose of 0.2 mmol kg -1 in mice [17] , it must be encapsulated by chelators. Current FDA-approved MRI contrast agents are based on small chelators. These clinical contrast agents have a relaxivity (the ability of MRI contrast agents to increase the relaxation rate of water protons) of approximately 5 mM -1 s -1 . For example, gadolinium(III) diethylenetriaminepentaacetate (Gd-DTPA) has a r 1 relaxivity of 3.8 mM -1 s -1 at 20 MHz [7, 18] . To detect contrast changes due to the difference in proton relaxation times in organs clinically, a relaxation rate change of 0.5 s -1 is necessary [19] . Thus, a local contrast agent concentration of 100 lM is required [19] . In general, an injection dose of about 0.1-0.3 mmol kg -1 is needed to obtain high contrast in human and small-animal tissues.
The high concentration of contrast agent required for in vivo contrast is indicative of low-dose efficiency and results in increased risk of certain disorders. Nephrogenic systemic fibrosis, a disease found in patients with kidney disease, has been correlated with the use of gadoliniumbased MRI contrast agents and is reported to be related to the release of free Gd 3? [20] [21] [22] [23] . In addition, small-molecule contrast agents have a very short half-life and blood retention time. For example, Magnevist has a distribution half-life around 3 min and an elimination half-life of about 20 min in rats and 1.5 h in humans [8, 24, 25] . MRI of the liver, for example, is especially challenging owing to rapid secretion of contrast agents. The clinically approved liver contrast agent Eovist has an arterial phase of 20 s and a hepatocyte phase of 20 min in humans [26] . Thus, there is a very narrow time window for MRI data collection, which makes it difficult to obtain high-quality images. Repeated injections are necessary and risks of metal toxicity are raised. To date, clinical contrast agents have the capability to detect lesions larger than 2 cm with high confidence. However, no contrast agent to date has the capability to image molecular biomarkers. This is probably due to a lack of desired sensitivity associated with high relaxivity and desired pharmacokinetics and pharmacodynamics [27] .
Native metalloproteins or engineered metal binding proteins have been used to develop MRI contrast agents [28] ) with spin quantum numbers from 1/2 to 5/2 have been applied to probe brain activities [28, 29] . Paramagnetic transition metal ions can be caged in ferritin as T2-weighted MRI contrast agents [30, 31] . In addition, T1-weighted contrast agents have also been developed by noncovalent binding or covalent binding of small monomeric agents to proteins to improve the relaxivity by increasing the rotational correlation time s R [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] . As a major limiting factor for high relaxivity in clinical Gd 3? -based MRI contrast agents is size, the resulting s R is less than 1 ns. Proteins with a size around 20 kDa have s R around 10 ns, which is optimized to achieve high relaxivity at clinical field strengths. A helix-loop-helix peptide motif of virus particles has been shown to have increased r 1 relaxivity [48] . A fibrin-specific contrast agent with four Gd-DOTA molecules conjugated to a fibrin-targeting peptide has a relaxivity of 17.8 mM -1 s -1 on binding to its biomarker [49] [50] [51] . The development of MRI contrast agents with the capability of molecular imaging of EGFR/HER biomarkers is still in its infancy, despite the rapid development of molecular imaging contrast agents for the same biomarkers which has been achieved for positron emission tomography (PET)/ single photon emission computed tomography (SPECT) and fluorescence imaging owing to their sensitivity being higher than that of MRI [52] [53] [54] [55] .
To achieve molecular imaging of disease biomarkers by MRI, several criteria should be considered. First, it is essential to improve the relaxivity, in order to have the sensitivity to detect surface biomarkers usually in the nanomolar to micromolar range. Most receptors or biomarkers have an expression level of less than 10 6 per cell. Assuming a cell has a volume of 1,000 lm 3 and the biomarker level is 10 6 per cell, the local concentration of this biomarker is 1 nM or less. In one calculation, approximately 5 9 10 6 Gd 3? ions per cell are required to obtain a clear contrast-enhanced image using currently approved contrast agents (e.g., Gd-DTPA) with a relaxivity of 5 mM -1 s -1 . On the basis of the above reasoning, it is not possible to achieve molecular imaging using currently available MRI contrast agents [7, 56] . Mechanisms to enrich the local concentration of gadolinium contrast agents via rapid endocytosis, multivalent conjugations, liposomes with multiple copies of gadolinium contrast agents, and enzymatic amplification were explored to achieve molecular imaging [11, 12, 33, [57] [58] [59] [60] . The target contrast agents should have good tissue penetration in addition to a fast circulation time for locating their targets. This is required for quantitative analysis of the receptor distributions and levels, as well as biomarker changes due to disease progression and drug treatment. Furthermore, the targeting moiety should have strong targeting specificity and affinity for the desired biomarkers. Surface receptors with high expression levels are preferred for targeting compared with intracellular biomarkers owing to their accessibility. Ideally, the epitope binding site on the biomarker should be different from the drug interaction site to avoid immunological interference with the drug treatment. Moreover, targeted contrast agents with multimodality for imaging, e.g., MRI with near-IR spectrophotometry, are preferred to ensure detection sensitivity and resolution for clinical studies.
In this review, we will first discuss EGFR signaling and its role in tumor progression and as a major drug target. Next we will report our progress in the development of protein contrast agents with significantly improved relaxivity. Finally, we will report our effort in the development of EGFR-targeted protein contrast agents.
EGFR structure and signaling
The EGFR family comprises four members: EGFR (also known as HER1), HER2 (also known as Neu), HER3, and HER4. They share similar structures, with an extracellular ligand binding domain, a transmembrane domain, and a functional intracellular tyrosine kinase domain (except for HER3). Different from the other three receptor family members, HER2 does not have a natural ligand and its extracellular domain is able to adopt an activated state to dimerize with EGFR or HER3 (EGFR/HER2, HER2/ HER3). HER2 is the preferred dimerization partner in the EGFR family (Fig. 1a) .
EGFR has many ligands, such as epidermal growth factor and transforming growth factor a. A ligand-induced conformational change occurs on dimerization of domain II, which in turn activates the tyrosine kinase sites located in the intracellular domain [61] . On the other hand, in the absence of direct ligand binding, HER2 interacts with other receptors of the same family [62] . The antibody drug trastuzumab (Herceptin) binds to the juxtamembrane region of HER2, which is likely to facilitate endocytosis by providing direct interaction between the steric barrier formed and the transmembrane regions [63] . Subsequent autophosphorylation of tyrosine residues leads to interaction of the activated receptor with SH2 or PTB adaptor proteins to promote downstream signaling, migration, differentiation, apoptosis, and cell motility. Activated receptors can be switched ''off'' through dephosphorylation, receptor ubiquitination, or removal of active receptors from the cell surface through endosomal sorting and lysosomal degradation.
Differential expression of EGFR family members in various cancers and cell lines
EGFR family proteins are also expressed on the cell membrane of normal tissue, with relatively low expression of EGFR except on normal skin epithelial cells [64] . The expression level of HER2 is about 10 3 -10 4 per normal cell. On the other hand, EGFR is widely overexpressed in tumor epithelial cells, including those of breast cancers, ovarian cancers, pancreatic cancers, prostate cancers, and lung cancers [65, 66] , likely owing to the amplification of EGFR genes in cancer cells involved in tumor metastasis and aggressiveness [66] . In about 30 % of breast cancers, HER2 is overexpressed. EGFR is overexpressed in many solid tumors to trigger the tyrosine kinase domain for the downstream signaling pathway [67, 68] , such as promotion of cell proliferation and angiogenesis and inhibition of cell apoptosis [68] . HER2-positive breast cancer is correlated with a high metastasis and low survival rate. HER2 and EGFR are also major prognosis biomarkers overexpressed in various types of cancer cells [69] and tissue samples from cancer patients [70, 71] . In various carcinomas, such as glioma, bladder carcinomas, and lung cancers, EGFR proteins are overexpressed [72, 73] . Table 1 shows that up to 69 % of tumors have a high expression level of EGFR, especially in later stages, and HER2 is highly expressed in about 30 % of tumor cells. However, HER2 is also overexpressed in the early stages of these cancers, which could serve as a biomarker [74] .
Overexpression of EGFR and HER2 is associated with poor prognosis [75, 76] . HER2 and EGFR are overexpressed in various types of cancer cells [69] . HER2 is a negative prognostic factor [70, 71] . In numerous clinical studies, it has associated with shorter disease-free and overall survival for breast and ovarian cancers as well as increased risk of death. About 30 % of all breast cancer cases are associated with expression of HER2. High expression of HER2 closely correlates with a low survival rate [74, 77, 78] . The rate of HER2 overexpression was estimated to be 6-35 % in gastric cancer [79] , 9-32 % in ovarian cancer [80] , and up to 70 % in human pancreatic cancer [81] . EGFR also leads to increased cell proliferation and motility and decreased apoptosis [82] . EGFR is also a negative prognostic factor for multiple tumor types, including non-small-cell lung carcinoma and pancreatic cancer [83] . In addition, co-expression of EGFR and HER2 is found in 10-36 % of primary human breast carcinomas, and it is generally associated with a poor prognosis compared with the expression of a single receptor [57, [84] [85] [86] .
There are more than 20 cell lines which have a high expression level of EGFR and HER2 (Fig. 1b) [87] [88] [89] . They mainly come from breast, ovarian, and pancreatic tumors. Among these cell lines, several pairs of positive and negative HER2 cell lines are widely used in research [90] . As shown in Fig. 1b , the expression is up to 10 6 per cell in cancer cells, especially in breast cancers.
Most of the cancer cells with EGFR/HER2 overexpression have tumorigenic properties and are suitable for xenografted cancer models in animals. Some of the cell lines, such as MCF-10DCIS, can generate tumors with biomarker level changes at different stages of cancers. The EGFR expression level will increase, but the HER2 expression level will decrease during tumor progression. Mouse HER2 is different from human HER2, and is also related to breast cancer in the mouse. Both NT5 and EMT-6 form mouse mammary cancer; HER2 is overexpressed in NT5.
Current EGFR clinical diagnosis and prognosis
Among all the members of the EGFR family, EGFR and HER2 are two well established biomarkers for clinical diagnosis, staging, and monitoring treatments, especially for breast cancer. In current techniques (Fig. 1c) [84] . This severely affects the selection of appropriate patients for personalized treatment using HER2/EGFR-targeted cancer therapies. This is likely due to sample errors as well as lack of accurate differentiation of tumor boundaries. Additionally, these diagnostic methods are invasive and not in real time. Thus, there is an urgent need to develop a noninvasive imaging method with the capability to monitor the expression level and location of EGFRs during disease progression and treatment as well as to understand the mechanism of disease development at the molecular level [91] .
EGFR-targeted therapy and molecular imaging reagents
Different types of drugs have been developed to target various regions of EGFR/HER2. The targeted reagents can generally be divided into two types. One type of reagents targets the intracellular domain of EGFR, whereas another type targets the extracellular domain of EGFR [92, 93] . The intracellular targeting reagents are inhibitors of the tyrosine kinase domain. Small molecules such as lapatinib, which functions as a kinase domain inhibitor, can inhibit both EGFR and HER2. Several targeted drugs such as monoclonal antibodies (trastuzumab) against the extracellular domain of EGFR and HER2 expressed at the cell surfaces of various cancers have been developed [94, 95] . Antibodies have a therapeutic function by several pathways. Because HER2 mediates cell signaling pathways such as the phosphatidylinositol 3-kinase and mitogen-activated protein kinase pathways, antibody targeting of HER2 can cause antibodydependent cell-mediated cytotoxicity, which can cause the cancer cells to be swallowed by macrophages [96] . At the same time, antibody targeting can inhibit proteolysis of the HER2 extracellular domain and inhibit HER2 DNA repair [97] . An HER2-specific antibody such as trastuzumab exclusively targets the extracellular domain of HER2, which can inhibit HER2 expression. The Fc domains of antibodies have been conjugated with drugs, toxic proteins, radioisotopes, and thermotherapy drugs. Differently from traditional cancer treatments such as radiation therapy and chemotherapy that affect all cells nonspecifically, protein drugs have the ability to target diseased cells with decreased toxicity [98] .
Several major efforts have been devoted to achieve molecular imaging of EGFR signaling to provide information regarding biological processes at a cellular level before anatomical changes occur. Similarly to the approaches used to develop EGFR therapeutic agents, two strategies can be used for EGFR-targeted tumor imaging. The first class of imaging agents targets the extracellular domain of the receptor. Examples of these imaging agents include whole antibodies, antibody fragments, affibodies, and nanobodies. The EGFR ligands, which bind to the EGFR extracellular domain at high affinity, can also be used for this purpose. The second class of molecules includes tyrosine kinase inhibitors and analogs that bind reversibly or irreversibly to the intracellular kinase domain of the receptor.
Artemov et al. [57] have developed a multiple-step HER2-targeted MRI contrast agent using biotin-labeled HER2 antibody and avidin-conjugated Gd-DTPA complexes. Biotin-labeled HER2 antibody was injected into the animals 1 day before, in order for the antibody to bind to HER2 receptors in vivo. Avidin-conjugated Gd 3? -DTPA was injected on the second day to search for and bind the biotin-labeled antibody [99, 100] . To facilitate in vivo targeting capabilities, minimal monovalent binding fragments, such as Fab (approximately 55 kDa) and singlechain Fv (scFv; approximately 28 kDa) with retained binding specificity, were used for molecular imaging studies [101] . EGFR-targeted single-chain antibody scFvEGFR was conjugated to nanoparticles bonded to ions to function as a T2-weighted MRI contrast agent.
Besides antibodies targeted to biomarkers, various flexible peptides have been screened or designed for specific biomarkers, such as gastrin releasing peptide for gastrinreleasing peptide receptor in prostate cancers [102] . Highaffinity affibody molecules have been developed by phage display selections based on the 58 amino acids in the Z domain of staphylococcal protein. These affibody molecules provide a versatile moiety targeting HER2 [103, 104] . Owing to their small size (approximately 7 kDa), the highaffinity affibodies offer the unique advantage of deeper tissue penetration, which is an essential property for targeting cancer cell surface HER2. Biodistribution analyses with an SKOV-3 subcutaneous tumor demonstrated a relatively favorable tumor uptake by the affibody target [105] . HER2-targeting affibodies have been widely used in molecular imaging targeting HER2 by many imaging methods [64] . The affibodies, which target EGFR/HER2 overexpressed tumors, were directly linked to small molecular chelators with radioisotopes for PET or SPECT [105] [106] [107] . Imaging agents with 125 I-and 18 F-labeled HER2 affibodies have also been used in PET or SPECT of breast cancers [108, 109] . Recently, affibodies were conjugated to an iron oxide nanoparticle for MRI of breast cancer [110] . Despite some reported successes in molecular imaging targeting HER2 using affibodies, the major issue of biodistribution remains, and few successful examples using affibodies in HER2-targeted MRI have been reported [99, 108] .
Development of protein-based MRI contrast agents
The criteria for molecular imaging by MRI shows the importance of improving the relaxivity of contrast agents. On the basis of the distance between the water molecule and Gd 3? , the relaxivity can be further divided into innersphere relaxivity, secondary-sphere relaxivity, and outersphere relaxivity. The overall relaxivity of contrast agents is the combination of inner-sphere, secondary-sphere, and outer-sphere relaxivity. Inner-sphere and secondary-sphere relaxivity can be characterized by the Solomon-Bloembergen-Morgan equation [14, [111] [112] [113] [114] . The outer-sphere relaxivity of contrast agents can be characterized by a hardsphere model [115] . In general, the inner-sphere relaxivity and the secondary-sphere relaxivity of contrast agents are influenced by the rotational correlation time (s R ), the residence time of the bound water (s m ), and number of water molecules interacting with Gd 3? (q) (for details, see the excellent reviews [18, 19, [116] [117] [118] ).
s R is one of the key factors that determines the overall correlation time (s c ; determined by the smallest value among s R , s m , and the longitudinal and transverse electron spin relaxation times of the metal ion) and further determines the relaxivity [19] . By increasing s R from 100 ps (for small chelators) to about 10 ns, one can dramatically increase the relaxivity. We rationalize that high relaxivity can be achieved by designing a Gd 3? binding site embedded into the protein frame such as domain 1 of CD2 with a correlation time around 10 ns. In addition, the gadolinium-protein vector rotated together allows us to eliminate the flexibility and uncontrolled local internal motion of the gadolinium-chelator complex associated with conjugation. In addition, this protein design approach enables us to increase the relaxivity by increasing the number of water molecules (q) without sacrificing the metal binding properties, which could cause undesired release of Gd 3? in vivo. According to simulations by us [119] and others [120] , the secondary-sphere and outer-sphere contribution to the relaxivity of protein contrast agents could be significant because of the large hydration surface of the protein. With a Gd 3? -water distance of 5 Å , a rotational correlation time of 10 ns, a residence time of the bound water in the secondary sphere of 10 ns, and a secondary-sphere water number of 4, the secondary-sphere relaxivity of contrast agents can reach 3.3 and 8.8 mM -1 s -1 at 20 and 60 MHz, respectively [119] . Radically different from all other reported methods [46, 50, 56, 117, 118, 121, 122] , the design of protein-based MRI contrast agents is based on our careful analysis of more than 500 structures of molecules which bind to Gd 3? and other lanthanide ions [123] . In solution, Gd 3? is usually associated with eight or nine oxygen atoms from water molecules [124] . A small chelator usually binds to Gd 3? with both oxygen and nitrogen ligands. For example, Gd-DTPA has five oxygen and three nitrogen ligands. Gd 3? always has one water ligand to allow robust water exchange. However, when binding to proteins, Gd 3? has a higher preference to bind to oxygen rather than nitrogen, with an average of 7.2 oxygen ligands for Ln 3? [118] . We chose domain 1 of CD2 as our scaffold to design protein-based MRI contrast agents. It is expressed on the surface of T cells and natural killer cells for cell adhesion and signal transduction. This protein has a rigid structure with high resistance to pH change and enzyme cleavage and is very tolerant to mutations [125] [126] [127] [128] [129] [130] [131] [132] [133] . On the basis of our knowledge of Gd 3? binding ligands and the properties of CD2, we designed a Gd 3? binding pocket formed by a group of carboxyl side chains (E15, D56, D58, D62, D64) from different b-sheets of CD2. We carefully designed one side of the Gd 3? binding pocket to open, allowing rapid Gd 3? water exchange (Fig. 2) . Fig. 2 Modeled structure of the designed contrast agent ProCA1-CD2 shown with the Gd 3? (purple) binding site (cyan), and a cartoon structure of the secondary-sphere and outer-sphere water molecules (red and white) associated with the PEG chain (red and green). A multimodal HER2-targeted magnetic resonance imaging (MRI) probe was created by connecting a high-affinity HER2 affibody (ZHER2-342) at the C-terminal of a de novo designed protein contrast agent (ProCA1-CD2) with a designed Gd 3? binding site
We have shown the protein-based MRI contrast agent we developed (ProCA1-CD2) exhibits 14-20-fold improvement of both r 1 and r 2 relaxivities compared with those of the current clinically used contrast agents such as Gd-DTPA. To our knowledge, protein-based MRI contrast agents exhibit r 1 and r 2 relaxivities of 117 and 129 mM -1 s -1 , respectively, per Gd 3? ion at 1.5 T [119] . Protein-based MRI contrast agents also have a greater than fourfold improvement at high field strength (r 1 = 18.9 mM -1 s -1 , r 2 = 48.6 mM -1 s -1 for ProCA1-CD2 at 7 T). Further modification of the protein by PEGylation led to a 30-100 % increase of r 1 and r 2 relaxivity, supporting our notion that key factors such as the correlation time and the number of exchangeable water molecules from the first coordination shell and the secondary/outer sphere can be tuned by protein design and modification [119, 123, 134] (Fig. 2) .
To prevent the competitive binding of physiological metal ions such as Ca 2? , Mg 2? , and Cu 2? to the contrast agent chelators, strong metal selectivity (kinetic metal stabilities) should be achieved when designing MRI contrast agents. The first generation of ProCA1-CD2 has a much higher metal selectivity (pGd/ pCa [ 9.84, pGd/pZn = 5.34, pGd/pMg [ 10.06) than clinical MRI contrast agents (pGd/pCa = 11.70, pGd/ pZn = 4.17, pGd/pMg = 4.25 for Gd-DTPA). Further assay shows that the potential chelators in serum, such as 50 mM phosphate, cannot remove Gd 3? from a Gd 3? -metal complex [123] . We have further reported that a PEGylated proteinbased MRI contrast agent, named ProCA1-CD2-m, has improved biocompatibility, such as improved solubility, improved dose efficiency, increased blood circulation time, and decreased immunogenicity with retention of metal binding and relaxation properties [134] . The blood retention time of ProCA1-CD2-m is more than 12 h compared with less than 30 min for Gd-DTPA in mice. Using a rabbit model, we further showed that ProCA1-CD2-m does not have significant immunogenicity without the use of adjuvants [134] . Further reduction in immunogenicity can be achieved by humanization of protein contrast agents. Figure 3a shows that using Pro-CA1-CD2-m with a 40-fold lower dose injection than for Gd-DTPA allows in vivo contrast enhancement of multiple organs owing to improved relaxivity and pharmacokinetics. No significant cellular toxicity and acute toxicity were detected. Therefore, we have shown that protein design technology (protein-based MRI contrast agents) (Fig. 2) enables us to significantly improve several key properties of an ideal MRI contrast agent, such as metal stability, relaxation, pharmacokinetics, and molecular recognition for molecular imaging individually or in parallel.
Development of HER2/EGFR-targeted protein contrast agents
We have developed a novel multimodal molecular imaging probe to target the cancer marker HER2 using magnetic resonance based on our protein-based MRI contrast agent ProCA1 which exhibits significantly improved T1 relaxivity for MRI contrast enhancement and in vivo pharmacokinetics/pharmacodynamics compared with those of the commonly used Gd-DTPA. Figure 2 shows our designed HER2/EGFR-targeted protein contrast agent for molecular imaging. To meet the criteria for molecular imaging with good tissue and tumor penetration, we chose an affibody with a small protein domain (molecular mass of 16 kDa) instead of an antibody (molecular mass of 150 kDa). A high-affinity HER2 affibody capable of producing a molecular image of breast cancer by targeting the biomarker HER2 [62, 104] was engineered into the C-terminal of the designed Gd 3? -binding protein by a flexible linker. The small molecular size (16 kDa) provides good tissue penetration. To increase protein solubility and the blood circulation time and to reduce immunogenicity, the designed HER2-targeted protein contrast agent was PEGylated using PEG-40, a molecule with three branches of 12 PEG units (denoted as ProCA1-affi342-m) [135] .
We tested whether our designed contrast agent would produce MRI contrast enhancement in nude mice xenograft models of two human cancer cell lines, SKOV3 and MDA-MB-231, with HER2 expression levels of 10 6 and 10 4 , respectively (Fig. 1b) . The HER2-targeted contrast agent was introduced via the tail vein at a concentration of approximately 5 mM (60-100-fold lower dose than for Gd-DTPA). Pre-and post-contrast magnetic resonance images were taken at different time points (Fig. 3) . Figure 3a shows that the HER2-targeted contrast agent exhibits significantly greater enhancement at the SKOV3 tumor site, with high HER2 expression, than the MDA-MD-231 tumor, with lower expression of HER2 [136] .
The in vivo HER2-targeting capability of the contrast agent we developed was further verified by a competition assay. HER2-specific MRI contrast enhancement was blocked by preinjection of HER2 affibody labeled with Cy5.5 at 12 h and 4 h before the injection of the protein contrast agent (Fig. 3a) [136] .
After MRI, mouse organs were dissected for histological analysis. Using the antibody PAbPGCA1 against PEGylated ProCA1-CD2 with tissue slides made from the tissue samples of mice imaged, including tumors, the strongest staining was observed with liver and HER2-positive tumor tissue slides. Close examination of the staining patterns of the tumor slides revealed the contrast agent was evenly distributed throughout the entire tumor. In addition, a very high level of the targeted agent inside the cancer cells was observed, indicating cancer cell targeting and internalization (endocytosis) of the protein contrast agent. The results also suggested the contrast agent penetrated the tumor tissue, rather than being trapped in the tumor vasculature. This is an important property for HER2 targeting in the whole cancer mass (Fig. 3d) . Co-immunostaining the slides made from HER2-positive tumor with the antibody PAb-PGCA1 and the antibody against CD31, an endothelial molecular marker, demonstrated that the protein contrast agent largely localized in tissue areas other than the tumor microvascular structure (CD31-positive areas). This staining pattern suggested the designed protein contrast agent had penetrated tissue rather than simply being trapped in the blood in the microvasculature of the tumor tissue. This staining pattern is in contrast with the distribution pattern of anti-HER2 antibody (Fig. 3d ).
Summary and future perspectives
EGFR and HER2 are highly expressed as biomarkers in various cancers and play important roles in cancer progression and survival. They are also major drug targets. Several targeted drugs, such as monoclonal antibodies (trastuzumab) and small inhibitors (erlotinib), against HER2 and EGFR have been shown to be effective in patients overexpressing those biomarkers. Unfortunately, the clinical application of targeted therapy is largely limited by current methods for assessment of these cancer biomarkers using invasive methods such as biopsy. One in five HER2 clinical tests, including biopsy and IHC, provides incorrect results, severely affecting the selection of appropriate patients for personalized treatment using HER2/EGFR-targeted cancer therapies [84, 137] . To meet the urgent need to develop noninvasive and accurate methods for diagnosis and to monitor the levels and distribution of biomarkers and their changes on treatment with targeted drugs in cancer patients, we have developed a new class of protein-based MRI contrast agents by de novo design of Gd 3? binding sites in a stable host protein with significantly improved MRI relaxivity at field strengths used clinically [123] . We recently discovered that PEGylation of protein contrast agents leads to a further increase of r 1 and r 2 relaxivities and a 100-fold improvement in in vivo dose efficiency, in addition to a reduction in immunogenicity and an increase in solubility. Furthermore, we have successfully designed an HER2-targeted MRI contrast agent by adding a HER2-specific affibody moiety into the designed protein contrast agent. The newly designed HER2-targeted MRI contrast agent exhibits strong HER2-specific MRI enhancement in both tumor cells and xenograft mice models. Moreover, the agent we have developed exhibits disease-marker-dependent imaging enhancement and desirable penetration of tissue and the endothelial boundary, and has much better clearance and targeting than albumin or antibody crosslinked with Gd-DTPA.
Further development of an MRI method to allow noninvasive, semi-quantitative measurement of HER2 levels in breast cancers will significantly improve breast cancer diagnosis/prognosis [86] . MRI of cancer metastasis, especially early-stage metastasis, will be applicable to the detection of metastasis at various organ sites. In addition, the development of EGFR/HER2 imaging reagents will potentially provide insight into the mechanism of HER2-mediated cancer progression. For example, pre-invasive ductal carcinoma in situ represents 20-25 % of all newly diagnosed breast cancers with moderate EGFR and HER2 levels (approximately 10 4 per cell) and its natural history is largely unknown. Developing HER2-and EGFR-targeted contrast agents with improved sensitivity will provide insight into the clinical treatment of patients with ductal carcinoma in situ [138] . Since HER2 and EGFR are expressed in various types of cancers, including prostate, gastrointestinal and breast cancers, the contrast agents developed will aid in patient selection [139] and benefit HER-2 targeted diagnostics of cancer patients (Fig. 1 ) [140, 141] . Currently, there is no effective and noninvasive method to monitor the changes of HER2 response to the cancer therapies/treatment. Molecular imaging that monitors the changes in HER2 expression levels and patterns after drug treatments will significantly improve our capability to monitor treatment efficacy, especially early responses. It will also facilitate the design of new strategies for cancer treatments. Moreover, it is expected that the contrast agents developed and additional contrast agents targeting various molecular biomarkers will improve our capability in image-guided biopsy, local treatment, and drug delivery [2, [142] [143] [144] .
